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One-dimensional grain boundaries of two-dimensional semiconducting MX2 (M= Mo,W; X=S,Se)
transition metal di-chalcogenides are typically metallic at room temperature. The metallicity has
its origin in the lattice polarization, which for these lattices with D3h symmetry is a topological
invariant, and leads to one-dimenional boundary states inside the band gap. For boundaries perpen-
dicular to the polarization direction, these states are necessarily 1/3 occupied by electrons or holes,
making them susceptible to a metal-insulator transition that triples the translation period. Using
density-functional-theory calculations we demonstrate the emergence of combined one-dimensional
spin density/charge density waves of that period at the boundary, opening up a small band gap of
∼ 0.1 eV. This unique electronic structure allows for soliton excitations at the boundary that carry
a fractional charge of ±1/3 e.
Introduction. The two-dimensional transition metal di-
chalcogenides (TMDCs) MX2 (M= Mo,W; X=S,Se,Te),
in their common H-structure, are semiconductors with
band gaps of 1-2 eV. Surprisingly, many edges and grain
boundaries of these TMDCs are metallic at room tem-
perature [1]. This seems to be true irrespective of the
substrate on which the TMDC is deposited, or whether
UHV conditions are used or not [2, 3]. Indeed, the exact
atomic termination of edges and boundaries seems to be
irrelevant for their metallicity [4].
Experimentally, of the different possible TMDC edge
configurations possible, mirror twin boundaries (MTBs)
have been studied most extensively [2, 3, 5, 6]. MTBs
occur spontaneously when TMDC monolayers are grown
on isotropic substrates, or on substrates with a high in-
plane symmetry, such as graphite. In essence, a MTB is
formed between two TMDC crystallites that have their
crystal growth directions rotated by 60 degrees, thereby
forming mirror images of one another along the line of
coalescence, see Fig. 1. MTBs are among the most pre-
dominant one-dimensional (1D) defects occurring during
TMDC growth.
Whereas the presence of MTBs can be desirable or
undesirable from the point of view of applications, the
1D metallic nature of the MTBs makes them interesting
from a fundamental perspective. Two distinct views ex-
ist on the basic electronic structure of such MTBs. From
angle-resolved photoemission (ARPES) results on mono-
layer MoSe2, the existence of a Tomonaga-Lu¨ttinger liq-
uid (TLL) has been put forward [7], which has also been
claimed from scanning tunnelling microscopy and spec-
troscopy (STM, STS) on finite-length MTBs [8]. In con-
trast, low-temperature STM and STS on the same ma-
terial demonstrate the presence of a charge density wave
(CDW) at the MTB with a wavelength of three lattice
constants, opening up a band gap of ∼ 0.1 eV [3, 7].
Density-functional-theory (DFT) first-principles stud-
ies of MTBs have focused foremost on their atomic struc-
ture, and their stability and formation energies [9]. There
are several possible MTB structures, but overall the sto-
ichiometric 4|4P structure, shown in Fig. 1, seems to oc-
cur most often experimentally [3, 10]. DFT calculations
predict this structure to be metallic if a periodicity of one
lattice constant along the MTB is assumed. Although it
may appear likely that such 1D metallic structures are
susceptible to CDW Peierls distortions [3], so far, first-
principles calculations have not been able to identify the
presence of such structural distortions at MTBs, without
resorting to artificial displacements of atoms.
In the present work, we analyze the electronic struc-
ture of 4|4P MTBs in MoSe2 and MoS2 monolayers. The
metallicity is carried by 1D states localized at the MTB,
where the intrinsic electric polarization of the 2D TMDC
dictates a total occupancy of these states of 1/3 per
MTB lattice site. Including the spin degree of freedom,
we show that a combined spin density wave (SDW) and
charge density wave (CDW) at the MTB leads to a period
tripling without structural distortion. The SDW/CDW
lowers the total energy, and creates a band gap of a size
comparable to experiment. The general mechanism pro-
posed here not only holds for MTBs in MX2 (M= Mo,W;
X=S,Se,Te), but also for edges with zigzag orientations
[11], which are also commonly found in these materials.
We speculate that this unique electronic structure allows
for soliton excitations at such boundaries and edges that
carry a fractional charge of ±1/3 e [12].
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FIG. 1. (a) The 4|4P MX2 MTB structure; the red and black
dashed lines indicate the position of the MTB, and the peri-
odicity along the MTB, respectively. The arrows indicate the
polarization P direction, which inverts across the MTB. The
blue, green, and red spheres indicate Mo, Se, and O atoms, see
Supporting Information. (b) Calculated dispersion of DFT
bands of MoSe2 along the MTB direction. The two bands in
the band gap (red and green), originate from the Mo atoms
at the MTB, and have dxz and dxy/dz2 character. (c) The
calculated density of states (DoS), with the MTB bands and
their typical 1D van Hove singularities.
In our calculations we model MTBs in a periodic super-
cell geometry. The supercell typically contains a ribbon
of twelve MX2 units across the y-direction and a number
of units along the x-direction, with ribbons in neighbour-
ing supercells separated by 10 A˚ vacuum in the y and z
direction, see Fig. 1. Further computational details can
be found in the Supporting Information [13] .
MTB states. The MX2 monolayer owing to its lack
of inversion symmetry, has an in-plane electric polariza-
tion. Using the modern theory of polarization [21, 22],
it has been shown that the polarization of lattices with
D3h symmetry, such as the TMDCs discussed here, is
a topological invariant [23]. D3h symmetry only al-
lows for polarizations P = p1a1 + p2a2 with (p1, p2) =
(α + n1, β + n2);n1,2 = 0,±, 1,±2..., where a1,2 are the
lattice vectors of the primitive 2D unit cell, and (α, β) is
one out of three possible values: (2/3, 1/3), (1/3, 2/3), or
(0, 0) (hence, the topological invariant is Z3). Straight-
forward DFT calculations show that all our MX2 TMDCs
belong to the same class and take on the specific value
(α, β) = (2/3, 1/3), see Fig. 1, which is in agreement
with previous calculations [22].
Crossing the MTB, the polarization is inverted (P ↔
−P), see Fig. 1. This abrupt jump in the topological
invariant causes the semiconducting band gap to close,
and gives rise to metallic states [24]. These localised
interface states are responsible for compensating the line
charge (λ = 2P · nˆ, with nˆ the normal to the MTB) that
originates from the polarization [25]. We stress that these
are additional electronic gap states created as a result
of the abrupt change of the topological invariant at the
MTB, and not bulk bands pulled towards the Fermi level,
as is sometimes argued to explain the metallic edges of
a nanoribbon [22, 25], see Fig. 1. Indeed, similar states
are found at edges modelled with a simple tight-binding
model based on bulk parameters [24, 26].
A DFT calculation of the band structure of a MoSe2
MTB with the smallest possible periodicity, shows two
bands, one partially occupied and the other completely
empty, that lie within the band gap, see Fig. 1, in agree-
ment with previous calculations [8]. MTBs of other MX2
give similar band structures. On projecting on the atoms
at the MTB, we find that one of these bands has mostly
M dxz character (shown in red in Fig. 1), whereas the
other band has mostly M dxy/dz2 character (highlighted
in green).
The occupancy of these MTB states can be deduced
from a simple general reasoning. As the polarization
jumps from P to −P going across the MTB, the result is
a polarization line charge λ = 2P · nˆ = (2e)/(3a) at the
MTB (where a is the lattice constant along the MTB). In
a system that consists of macroscopic domains separated
by MTBs, all of these boundaries have to be neutral, such
as to avoid a polarization catastrophe [27]. This means
that each MTB must also carry an electronic charge −λ,
which compensates for the polarization charge. Such an
electronic charge can only be carried by the 1D MTB in-
terface states, located inside the band gap, as discussed
above.
This means that these particular bands must have a
total occupancy of 2/3 electrons. Referring to Fig. 1,
this results in the lower of the two bands being 1/3 filled
(accounting for spin degeneracy), whereas the upper one
is completely empty [28]. Given their 1D character and
the partial occupancy of 1/3, these metallic states might
3then be susceptible to a Peierls-type structural distortion
that leads to a tripling of the period. However, like pre-
vious calculations, our DFT calculations do not give such
a spontaneous structural distortion of the MTB [3, 8].
SDW/CDWs. Nevertheless, it is highly unlikely that
such 1D metallic states can escape electronic perturba-
tions unscathed. We study the possibility of charge or-
dering and concomitant spin ordering using DFT+U cal-
culations. The on-site electron-electron Coulomb inter-
action in 4d transition metal atoms (TMs), such as Mo,
is supposed to be weaker than that in 3d TMs, and is
thus often assumed to be negligible. Explicit calcula-
tions of the screened Hubbard U in TMs [29], and in TM
oxides [30], however show that the latter assumption is
often not justified, and that a moderate value of U ∼ 3
eV for Mo 4d states is not unreasonable. The states at
the 1D grain boundaries have predominant Mo d char-
acter, which, because of the 2D surroundings, one may
expect to be relatively weakly screened. It is therefore
appropriate to include the on-site Coulomb interaction.
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FIG. 2. (a) Band structure of the undistorted MTB of
MoSe2, folded in the tripled cell. (b) The SDW/CDW opens
up an indirect band gap of ∼ 0.26 eV. (c) The corresponding
DoS clearly shows this gap, and the typical 1D van Hove
singularities.
As a starting point, Fig. 2(a) shows the same MoSe2
band structure as in Fig. 1, but now in a 3× cell, i.e., a
cell that is tripled along the direction of the MTB. The
Mo dxz band (red) that was 1/3 occupied in the simple
unit cell, is now of course folded such, that the lowest
branch is completely filled, and the upper two branches
are completely empty. The Mo dxy/dz2 band (green) is
also folded twice, but its three branches lie above the
Fermi level. Using a Hubbard U −J = 3 eV [31], and re-
optimizing the electronic structure [32], opens up a gap of
∼ 0.47 eV between the filled and the empty states of the
Mo dxz band, as can be observed clearly in Fig. 2(b). The
(empty) Mo dxy/dz2 bands change very little. The result
is a band structure showing an indirect gap of ∼ 0.26
eV between the occupied Mo dxz band at X, and the
unoccupied Mo dxy/dz2 band at Γ. The corresponding
DoS, shown in Fig. 2(c), shows this band gap, clearly
marked by van Hove singularities characteristic of 1D
structures. The emergence of this SDW decreases the
total energy of the MTB by 67 meV/3× cell.
The origin of this band gap opening lies at the emer-
gence of a SDW localized on the atoms closest to the
MTB, which leads to magnetic moments on the three
Mo atoms on one side of the MTB of 0.40, −0.20, and
−0.21 µB , respectively (the three Mo atoms on the other,
the mirrored, side of the MTB have exactly the same
magnetic moments). The inequivalence of the three Mo
atoms is clearly visible in the spin density shown in
Fig. 3(a). This SDW is accompanied by a quite sub-
tle CDW, as shown in the corresponding local density of
states (LDoS) in Fig. 3(b), which leads to a tripling of
the period as observed in STM [3], compare Fig. 3(c). Al-
though we let the geometry of the MTB free to relax with
the SDW/CDW, we observe no visible distortion in the
structure. For instance, the bond lengths and bond an-
gles between all atoms along the MTB remain the same.
This means that the SDW/CDW is a purely electronic
effect, and not a Peierls distortion.
MoS2 behaves similarly to MoSe2; in the 4|4P MTB
structure of MoS2 a gap is opened by a SDW/CDW with
3× periodicity. Using U − J = 3 eV, the resulting mag-
netic moments on the Mo atoms closest to the MTB are
0.25, −0.21, and −0.05 µB . The moments are somewhat
smaller than for MoSe2, as is the induced gap at X. The
resulting band structures in the gap region of MoS2 and
MoSe2 are however quite similar, with MoS2 showing an
overall indirect band gap of 0.10 eV between the occupied
Mo dxz band at X, and the unoccupied Mo dxy/dz2 band
at Γ. The total energy of the MoS2 MTB is decreased by
27 meV per 3× cell., see Supporting Information.
The onsite electron-electron Coulomb interaction is es-
sential for the development of a SDW/CDW, i.e., in a
calculation with U − J = 0 it does not happen. Fig-
ure 4 shows the size of the band gap, the total energy
decrease, as well as the size of the maximal magnetic
moment on the Mo atoms at the MTB, as a function of
the Hubbard U − J value used in the calculation. It can
be observed that both the band gap and the magnetic
moments, increase monotonically with increasing U − J ,
whereas the total energy decreases monotonically. All,
4(3X)
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FIG. 3. (a) Spin density at the MTB of MoSe2; the red/green
colors indicate spin up/down, where the SDW results in the
three Mo atoms along the MTB becoming inequivalent[33].
(b) The corresponding charge density; the brown/green col-
ors indicate the change with respect to the charge density of
the ideal 1× structure. (c) LDoS, plotted as a simulated STM
image [34], demonstrating the tripling of the translation pe-
riod along the MTB. (d) For comparison, the LDoS of the
ideal 1× structure without the SDW/CDW is shown. Both
LDoSs are integrated from −0.5 eV up to the Fermi level.
however, remain sizeable even for relatively small val-
ues of U − J , which indicates the robust presence of a
SDW/CDW. Only if U − J becomes smaller than ∼ 0.5
eV, a SDW/CDW fails to develop.
Experimentally, the electronic structure of 4|4P MoSe2
MTBs has been interpreted using STM and STS in terms
of CDWs by Barja et al. [3], where they observed the
characteristic 3× periodicity. The observed band gap
of ∼ 0.1 eV suggest that the effective value of U − J
in their case is rather moderate, i.e., in the range 1-1.5
eV. Similarly, these CDWs have been seen in STM by
Ma et al., and characterized by means of temperature-
dependent conductivity measurements. We suggest that
the CDW is accompanied by a SDW, which, although
the magnetic moments are moderate, may be observed
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FIG. 4. Top: band gap (red) and total energy per 3× cell
(black) of the MTB of MoSe2, as function of the Hubbard
U − J value. Bottom: maximal magnetic moment on the
MTB Mo atoms as function of U − J .
using spin-polarized STM.
Whereas the SDW/CDW should represent the ground
state of the MTB, we cannot exclude that at a higher
temperature, or for a markedly different MTB struc-
ture, electron correlations take over that are typical of
1D TLLs, as argued in Refs. [7, 8].
In the mean time, SDW/CDWs of 3× periodicity allow
for interesting soliton excitations, i.e., localized quasi-
particles with fractional charges ±1/3 e or ±2/3 e, and
spin 1/2, 0, or even an irrational number [35, 36]. Such
solitons will occur naturally on MTBs with an overall
length that is not a mutiple of 3a, because the boundary
conditions at both ends of the MTB introduce frustra-
tion in the lattice [37]. In MTBs with lengths that are a
multiple of 3a, solitons do not exist in the ground state,
but may be introduced by excitation. In particular, de-
positing TMDCs on substrates with which the electronic
coupling is very weak, it may be possible to observe their
fractional charges in a Coulomb blockade experiment, us-
ing STM, for instance.
In summary, using DFT+U calculations we have
shown that a combined SDW and CDW of triple period
arises in MTBs of TMDCs, which open up a band gap of
∼ 0.1 eV in the 1D metallic band structure of a MTB.
We argue that the triple period is necessarily the result
of the topological invariant of these systems, i.e., the lat-
tice polarization, which leads to metallic states in the 2D
band gap, localized at the MTB, with a total occupancy
of 1/3. The emergence of a SDW/CDW lifts the metallic-
ity, but it also allows for topological soliton excitations,
with charges that are multiples of 1/3 e.
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